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ABSTRACT 
 
 
 
Aluminium alloy AA6061 recycling benefits to the current and future generations by 
conserving energy and other natural resources. Solid state recycling of AA6061 chips by 
cold compression is a current approach processing technique that uses remarkably lower 
energies and operating cost compared to conventional recycling by casting. Thus with the 
current approach of processing technique by cold compaction technique solid-state 
recycling made it possible for fabrication of direct recycling chips. In this research, 
AA6061 chips were recycled to fabricate with SiC (2.5, 5 and 7.5 wt.%) and Al powder 
(10, 30 and 50 wt.%) by using uniaxial cold compaction at 9 tons for 20 minutes and 
sintering process at a temperature of 552°C. The effects of the various composition of Al 
and SiC powder on the microstructure of the recycled AA6061/Al-SiC composites showed 
that the Al and SiC powders in samples were distributed non-homogeneously between the 
AA6061 chip regions due to the separation of the two materials and SiC only sits between 
the gap exist. The density of sample AA6061/10Al powder gave the closest value to 
theoretical at 2.43 g/cm3 and decreases when more Al powder was added. Significantly, 
changes in density can be concluded as increasing sintered density resulted in lower 
apparent porosity and water absorption. The AA6061/10Al-7.5SiC sample showed the 
highest hardness at 61.0 Hv because of the hard characteristic of SiC particle. Whereas, 
the maximum compression strength was at AA6061/10Al-5SiC with 306.5 MPa. The 
compression strength decreases with increasing amount of Al powder content due to the 
weak bonding between the particles. Meanwhile, the sample strength increases with 
increasing the amount of SiC due to the high stiffness of the embedded in SiC. In 
conclusion, the objective of this study was achieved by the addition of SiC will improve 
the mechanical properties of recycled aluminium AA6061 composites. 
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ABSTRAK 
 
 
 
Kajian Kitar semula aluminium aloi AA6061 dapat membantu generasi sekarang dan 
masa depan dalam memelihara tenaga dan sumber semula jadi yang sedia ada. Kitar 
semula dalam keadaan pepejal AA6061 dengan pemadatan sejuk adalah teknik 
pemprosesan pendekatan semasa yang menggunakan tenaga dan kos operasi yang lebih 
rendah berbanding kitar semula konvensional yang menggunakan kaedah tuangan. Oleh 
itu, dengan pendekatan teknik pemprosesan semasa oleh teknik pemadatan sejuk, kitar 
semula keadaan pepejal cip kitar semula dapat dihasilkan. Dalam kajian ini, cip AA6061 
telah dikitar semula bersama dengan SiC (2.5, 5 dan 7.5 wt.%) dan serbuk Al (10, 30 dan 
50 wt.%). Dengan menggunakan pemadatan sejuk ekapaksi pada 9 tan selama 20 minit 
dan proses sintering di suhu 552 °C. Kesan pelbagai komposisi serbuk Al dan SiC pada 
struktur mikro komposit AA6061/Al-SiC yang dikitar semula menunjukkan bahawa 
serbuk Al dan SiC dalam sampel diedarkan secara tidak sekata di antara kawasan cip 
AA6061 dan SiC hanya duduk di antara liang yang ada. Ketumpatan sampel 
AA6061/10Al serbuk memberikan nilai paling dekat dengan teori pada 2.43 g/cm3 dan 
berkurangan apabila lebih banyak serbuk Al ditambah. Secara ketara, perubahan 
ketumpatan air boleh dianalisis kerana ketumpatan yang semakin meningkat 
mengakibatkan pecahan liang dan juga peratusan penyerapan air yang lebih rendah. 
Sampel AA6061/10Al-7.5SiC menunjukkan kekerasan tertinggi pada 61.0 Hv. Manakala, 
kekuatan mampatan maksimum berlaku pada sampel AA6061/10Al-5SiC dengan 306.5 
MPa. Kekuatan mampatan berkurangan dengan peningkatan kandungan serbuk Al 
disebabkan oleh ikatan yang lemah antara zarah. Sementara itu, kekuatan sampel 
meningkat dengan penambahan SiC yang mempunyai ciri kekakuan tinggi. 
Kesimpulannya, objektif kajian ini telah dicapai dengan penambahan SiC yang akan 
meningkatkan sifat mekanikal komposit aluminium AA6061 yang dikitar semula. 
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CHAPTER 1  
 
 
 
INTRODUCTION 
 
1.1 Background study 
 
The global production of alumina has escalated dramatically in the past 100 years as 
shown in Figure 1.1. The production of primary aluminium increases effectively until 
to the recent years. Meanwhile, the development of high strength aluminium alloys 
for aerospace and automobile applications is increasing due to the importance of 
realising extended lifetimes for the structural components fabricated from these 
alloys (Meyveci et al., 2010). Demand for aluminium products is increasing since 
aluminium alloy offers excellent corrosion resistance with good strength and low 
density. Due to increase demand for this metal, the solid waste problem is one of the 
most popular issues that have received extensive public extension despite that an 
increasing amount of aluminium utilised today is coming from recycled automotive 
components.  
This reason justifies the need for further research on the recovery 
infrastructure and recycling of automotive aluminium. Although machining can be an 
expensive and undesirable manufacturing process, it is essential for high surface 
quality of the manufactured material. Machining has been used in the aerospace and 
automotive industries for Al alloy manufacturing. One factor contributing to its 
expensiveness is the high proportion of waste that is generated (Luo et al., 2012). 
Furthermore, finishing process in industry generates waste usually in chip form but 
recycling of chip is difficult due to their elongated spiral shape and micro size nature. 
Their surface area is relatively large and covered with oil emulsion which it is not 
effective for recycling through re-melting approach (Green, 2007).  
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Particle-reinforced metal matrix composites are particularly attractive in 
transportation, electronic, military, aerospace and nuclear industries due to their 
higher specific modulus and strength, higher thermal stability and higher wear 
resistance in comparison with monolithic metals or alloys. To fully implement the 
potential of strength and function enhancement, a high volume fraction of 
reinforcements is often required (Kai et al., 2011). 
 
 
Figure 1.1: Worldwide production of bauxite and primary aluminium from the year 
1900 - 2014 (Grandell & Höök, 2015) 
 
Aluminium scrap has considerable market value because most of the energy 
required for the production of primary aluminium is embodied in the metal itself and, 
consequently, in the scrap. Therefore, the energy needed to melt aluminium scrap is 
only a fraction of that required for primary aluminium production. Furthermore, if 
pre-treated and/or sorted, aluminium products can be recycled for use in almost all 
aluminium applications since the metal’s atomic structure is not altered during 
melting. Thus, aluminium can be recycled over and over again without loss of 
properties, meaning that the value of the material can be recovered without loss of 
quality (Bertram, 2006).  
The high value of aluminium scrap is a key incentive and major economic 
impetus for recycling (Committee, 2009). The impact of recycling especially in 
aluminium 
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aluminium industry will helps in conserving the natural resources on earth. It saves 
up to 95% of the energy required for primary aluminium production, thereby 
avoiding corresponding emissions, including greenhouse gases (Cui & Roven, 2010). 
Even though the primary production of aluminium increases every year, the people 
worldwide are aware of the important of recycling thus making the increasing in 
recycled aluminium production as shown in Figure 1.2.  
 
 
Figure 1.2: Worldwide Evolution of Recycled and Primary Aluminium (Committee, 
2009) 
 
Therefore, this study uses cold compression with sintering process and it 
proved to have better properties by previous studies compared to other different 
techniques of recycling. The conventional aluminium recycling carried out with a 
melting phase at the same time require pre-processing of the scraps to remove 
impurities. In this study, aluminium chip particles were mixed with silicon carbide as 
the reinforcement particles to improve the mechanical properties of the aluminium 
composite. 
 
1.2 Problem statements 
 
Basically the aluminium product are very well demanded due to its excellent 
strength, low density and good corrosion resistance embedded in it body especially 
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the many grades of aluminium alloys existed currently. Just like any other world 
issues, as the usage is high, thus production of waste also will increase. Since 
aluminium have become very popular in the automotive industry, recycling the solid 
waste received an extensive public concern. Meanwhile, current researchers also 
embarking in controlling the issue by implying many methods in recycling 
aluminium thus reducing the primary production of aluminium itself (Committee, 
2009; Lumley, 2011; Shamsudin et al., 2016). In 2005, for the first time, recycled 
scrap coming from automotive products is expected to exceed that coming from used 
beverage cans. These wastes and discards come back to smelters, whereby 
production processes are utilised for reusing metals. During waste recycling, 
oxidation can result in the loss of many materials (Boin & Bertram, 2005). 
 Yusuf et al., (2013) studied on a method of solid-state recycling aluminium 
alloy using hot press forging process and the possibility of the recycled chip to be use 
as secondary resources. The paper presents the results of recycled AA6061 
aluminium alloy chip using different operating temperature for hot press forging 
process. The result of the recycled specimens shows a good potential in the strength 
properties. 
Furthermore, most chips and especially those deriving from machining 
operations are usually characterised by irregular elongated spiral shapes, which make 
them unsuitable for preliminary pressing and hot extrusion. It has been found that 
direct conversion of aluminium and its alloy chips into final products results in 
materials characterised by low porosity and a relative density which exceeding 95 % 
(Gronostajski & Matuszak, 1999; Rashid et al., 2014; Samuel, 2003).  
Whereas, the hardness and compression properties of the recycled materials, 
however, being slightly lower than those of powder metallurgical-produced material. 
This is where reinforcing material plays an important role to bears a major portion of 
stress in the metal matrix composites due to it stiffer properties (Boopathi et al, 
2013). To obtain better properties of the extruded products, new investigations were 
undertaken, the main aim of the studies being to determine the effect of small 
additions of strengthening particles into the aluminium chips on the properties of the 
final compaction products. Ceramic reinforcement such as alumina and silicon 
carbide (SiC) particles are widely used as reinforcement for aluminium alloy 
(Adamiak et al., 2004; Devi et al., 2010; Torralba et al., 2003). For a while now that 
silicon carbide particulates are the most favoured reinforcements for aluminium alloy 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
5 
 
composites because of the enhanced achievable properties such as hardness and 
compression and this proved on the study of Canakci & Varol (2014) whereby, the 
hardness of the AA7075 composites increased with increasing amount of SiC 
content. 
Thus, this study uses direct recycling techniques by utilising compaction 
process of the aluminium chip for which this process purposely to prevent harm on 
environmental impact, decreasing energy consumption, as well as reducing the total 
cost and time production (by reducing the step process). On the other hand, the 
conditions for consolidation considering chip sizes and reinforcing particles that 
affect the mechanical and physical properties in relation to compaction products are 
rarely documented in the recent literature.   
Therefore, AA6061 chips was recycled to fabricate with silicon carbide 
particle as a reinforcement to form composites by the combination of powder 
metallurgy and compaction technique in order to study the mechanical and physical 
properties of composites. 
 
1.3 Significance of the study 
 
This study will be a significant endeavour in promoting sustainable development in 
recycling aluminium chips into the new composite body. Direct recycling method 
will be used for cost effectiveness, energy saving, environmental protection by 
reducing the hazardous gas emission and with simple fabrication. This study will 
focus on the influence of the volume fraction SiC as a reinforcement on 
microstructure and mechanical properties of recycled aluminium chip AA6061/Al-
SiC composites fabricated using uniaxial compaction method. This study is 
beneficial to determine the effect of silicon carbide (SiC) as the reinforcement in 
providing better strength to the recycling chips that act as the matrix in this 
composite body. This will be a great support to our environment and our country 
itself since so many advantages of the direct recycling method instead of 
conventional methods. 
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1.4 Objectives 
 
The objectives of this study include: 
i. To produce samples of direct recycled aluminium AA6061 chips reinforced 
with silicon carbide at different compositions by using powder metallurgy 
method. 
ii. To determine the effect of microstructure and mechanical properties of 
recycled aluminium chip AA6061/Al-SiC composites. 
 
1.5 Scope of study 
 
The scope of this study includes:  
i. The matrix used is recycled aluminium chip reinforced with aluminium 
powder (average particle size of 25 microns) and silicon carbide with an 
average particle size of 150 microns. 
ii. Preparation of specimens AA6061/Al-SiC composite at different percentage 
of reinforcement (2.5, 5 and 7.5 wt%). 
iii. Zinc stearate at 1 wt% was used as binder in green body formation. 
iv. The pressure of compaction used was at 9 tonnes and the temperature of 
sintering used was at 552ᵒC.  
v. The characterization that has been performed were density, apparent porosity, 
water absorption after sinter, hardness and compression analysis according to 
related standard. 
vi. Microstructural analysis was done by using optical microscopic (OM) at 
different magnification. 
 
1.6 Thesis outline 
 
The remainder of this thesis is organised as follows: 
i. Chapter 2: Literature review 
Includes a literature review to provide a summary of the base of knowledge 
already available involving the issues of interest. Previous researchers in this 
field done by other researchers, their findings have been revisited and 
correlated prior to the start of the current work. The help of work carried out 
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by these researchers has been referred to wherever necessary to explain and 
support the present experimental findings. Inferences drawn from these 
reviews have been used to suitable design and modify the experimental 
design. Hence, this chapter serves as a base for the next chapter. 
ii. Chapter 3: Experimental details 
This chapter is indented to explain the experimental procedure adopted in the 
present investigation along with the experimental arrangements and details of 
experimental procedures. The equipment and apparatus and the prescribed 
experimental norms as adopted in the present investigations have been 
explained in details. 
iv. Chapter 4: Result and analysis 
This chapter is the result of experiments and morphology observations in the 
form of figures or tables for better understanding. Then, all the results are 
discussed in the same chapter based on the analysis made. Previous studies 
may be included to prove some points made during the discussion. 
v. Chapter 5: Conclusion and recommendations 
The conclusion will be made throughout the whole research studies based on 
result and analysis made in Chapter 4. Meanwhile, some recommendations 
are provided for further study research references.  
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CHAPTER 2  
 
 
 
LITERATURE REVIEW 
 
2.1  Engineering materials 
 
Engineering materials are mostly categorised into one of three basic classifications, 
namely, metals, ceramics and polymers. In addition to the three basic categories are 
composites. Thus it makes engineering materials were categorised in with one of four 
groups (Murray, 1993). Figure 2.1 shows the classification of engineering materials.  
 
 
Figure 2.1: Classification of engineering materials (Ashby et al., 2013). 
 
In more detailed breakdown of these categories, the metal can be categorised into 
ferrous and non-ferrous metals; polymers into thermoplastics, thermosets and 
elastomers; ceramic into crystalline ceramics and glasses; and composite materials 
can be divided into metal matrix composites, ceramic matrix composites and 
polymer matrix composites (Groover, 2011). Engineering materials can be classified 
into six major classes of metals, ceramics, glass, polymers, elastomers and 
composites (Ashby, 2005). 
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2.2 Composite materials 
 
A composite material is a material made by joining two or more distinct materials of 
different classes or distinctive sorts of materials so as to show characteristics of 
improvement materials. Nonetheless, inside the composite, you can undoubtedly 
distinguish the different materials one from the other as they do not dissolve or mix 
into one another (Ismail, 2004). Composites can also be understood as a combination 
of two or more components. One of the composite components used to provide 
power to the composite, while, the other component act as a binder (Pollack, 1988). 
The resulting composite not only has better mechanical properties but also physical 
properties, thermal and chemical properties (Musa, 2009). For instance, a composite 
of Polypropylene and kaolin which has tensile modulus increased when the 
concentration of filler increases (Maiti & Lopez, 1993).  
Groover, (2011) also describe the properties of composite materials depends 
on the type of component and method of manufacture that is formed into a 
composite. Some composites have superior strength with minimal weight and meet 
the needs of applications such as the manufacturer of aircraft components, tennis and 
rackets. Some have high hardness and can withstand high operating temperatures.  
 
2.2.1  Classification of composites 
 
Classification of composites can be made by three approaches, which are based on 
the structure of the material, based on the constituents, and by the nature of the 
dispersed phase. Intrinsic composite materials comprise at least two components 
which can be polymer matrix composites, metal matrix composites, ceramic matrix 
composites, carbon matrix composites and intermetallic composites (Astrom, 1997). 
Meanwhile the reinforcement, which may be in fiber or particle form and structural 
composites, on the other hand, may be laminates or sandwich panels as shown in 
Figure 2.2. 
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Figure 2.2: Classification of Composites based on type reinforcement (Barcelos et 
al., 2014) 
 
2.3 Metals 
 
Metals are a portion of the most ancient materials known to be fabricated by our 
ancestor. In light of their proceeded with use in and significance to the modern 
community, a lot of exertion has been consumed to find out about their properties, 
synthesis, and processing to advance their usage in particular applications. One of the 
significant advances in the improvement of modern metals was the 
acknowledgement that the microstructure of metals and alloys was critical to the 
observed properties. The microstructure could be changed by processing history of 
the metal. These perceptions framed the basis discipline that we call metallurgy 
(Holloway et al., 2009).  
Metals are very significant in the construction of main vehicle components, 
especially engine components and the body of the vehicle. Metals are usually can be 
categorised into the ferrous and non-ferrous group as shown in Figure 2.3. Ferrous 
alloys occupy 90 % and above of world fabrication of metallic materials. Ferrous 
alloys consist of iron as the base metal and go from plain-carbon steels, with more 
than 98 % iron, to high-alloy steels containing up to 50 % of a variety of alloying 
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